We report stellar velocity dispersion measurements for a sample of 28 active galactic nucleus (AGN ) host galaxies, including our previous work. Using the mass-dispersion (M . -) and the fundamental plane relations, we estimate the black hole mass for a sample of 66 BL Lac objects and investigate the role of black hole mass in the energetics of BL Lac objects. The black hole mass range for different BL Lac spectral types is similar, 10 7 < M < 4 ; 10 9 . Neither X-ray nor radio luminosity correlates with black hole mass. Low-frequency-peaked BL Lac objects have higher Eddington ratios on average, because of either more beaming or higher intrinsic power. For the black hole mass range 3 ; 10 7 < M < 10 9 , the radio luminosity of BL Lac objects and flat-spectrum radio quasars spans over 4 orders of magnitude, with BL Lac objects being low-power AGNs. We also investigate the evolution of host galaxies for 39 AGNs out to z % 0:5 with measured stellar velocity dispersions. Comparing the mass-to-light ratio evolution in the observed frame with population synthesis models, we find that single-burst star formation models with z form ¼ 1:4 þ0:9 À0:2 are consistent with the observations. From our z form ¼ 1:4 model, we estimated the intrinsic mass-to-light ratio evolution in the Cousins R band, Álog (M /L)/Áz ¼ À0:502 AE 0:08, consistent with that of normal early-type galaxies.
INTRODUCTION
The role of black holes in galaxy formation and evolution appears to be significant. There is a tight correlation between black hole mass and the stellar velocity dispersion of bulges in the present-day universe ( Ferrarese & Merritt 2000; Gebhardt et al. 2000) , suggesting that the growths of black holes and galaxies are closely connected. The rapid decline of star formation rate and quasar activity for the last $8 billion years also indicates the coevolution of black holes and galaxies ( Dunlop 1999; Wolf et al 2003) . The feedback from active galactic nuclei (AGNs) in star-forming galaxies could quench further star formation and black hole growth at the same time (Silk & Rees 1998; Wyithe & Loeb 2003; Springel et al. 2005 ). To better understand the role of black holes in the AGN-galaxy connection, we are carrying out detailed investigations of active supermassive black holes and the evolution of their host galaxies.
The relation of AGN activity to black hole mass is important to investigate since the black hole mass sets the scale for the gravitational potential and also shows the integral of the accretion history of the black hole. A naive linear scaling between black hole mass and AGN luminosity, expected from AGNs accreting at a fixed Eddington ratio, is not observed ( Woo & Urry 2002a; O'Dowd et al. 2002) . However, black hole mass estimates with various indirect methods are somewhat uncertain and more accurate data for various types of AGNs at various redshift ranges are needed.
Studies with Hubble Space Telescope (HST ) data showed that host galaxies of bright quasars are typically massive ellipticals with a de Vaucouleurs profile (Taylor et al. 1996; Urry et al. 2000; Dunlop et al. 2003 ) structurally indistinguishable from normal galaxies. Massive early-type galaxies hosting BL Lac objects and radio galaxies in the local universe (z < 0:1) seem to lie on the same fundamental plane as normal galaxies (Falomo et al. 2003; Barth et al. 2002; Woo et al. 2004) . Furthermore, Woo et al. (2004) showed that the mass-to-light (M/L) ratio evolution of AGN host galaxies out to z $ 0:3 is similar to that of normal galaxies, showing that major star formation in the host galaxies occurs earlier than z $1, consistent with the M/L ratio evolution of normal earlytype galaxies.
To further investigate the relation of AGN activity to black hole mass, the properties of AGN host galaxies, and the relation of active nucleus to host galaxy, we undertook a program of absorption-line spectroscopy for a sample of AGN host galaxies. From stellar velocity dispersions we can infer the black hole mass and study the fundamental relations between black hole mass and other AGN properties. With the addition of morphological information, we can also investigate the evolution of AGN host galaxies using M/L ratios. First results were reported by Woo et al. (2004) , who focused on the fundamental plane of host galaxies. Here we present stellar velocity dispersions, black hole mass estimates, and the M/L ratio evolution for 39 AGN host galaxies (32 BL Lac objects and seven radio galaxies) out to z $ 0:6, including our previous work. Using the structural parameters of the host galaxies and the fundamental plane relation, we also estimate additional black hole masses for 34 BL Lac objects, to investigate the role of black hole mass in the blazar unification paradigm.
In x 2 we describe the observations and velocity dispersion measurements, and in x 3 the AGN black hole mass and its relation with other AGN properties. In x 4 we discuss the evolution of AGN host galaxies, and in x 5 we present the discussion and conclusions. We adopt a cosmology with ¼ 0:3, Ã ¼ 0:7, and H 0 ¼ 70 km s À1 Mpc À1 .
OBSERVATIONS AND DATA REDUCTION
We selected $28 BL Lac objects and radio galaxies at z P 0:6 with available HST images to measure stellar velocity dispersions and M/L ratios. Detailed sample selection and data analysis for the first 15 host galaxies can be found in Woo et al. (2004) . Here we briefly summarize the observations, data reduction, and velocity dispersion measurements for an additional 13 sources at relatively higher redshift.
Observations and Data Reduction
The spectra were obtained with the Boller & Chivens ( B&C ) long-slit spectrograph at the 6.5 m Magellan Clay Telescope at Las Campanas Observatory and with the GMOS (Gemini Multi-Object Spectrograph) at the Gemini-South 8 m Telescope. Table 1 shows the details of instrumental setups and the journal of observations. The instrumental setups were chosen to cover strong stellar absorption lines, such as the G-band (4300 8), the Mg b triplet (around 5172 8), and Ca+Fe (around 5269 8), and to provide sufficient instrumental resolution. Sky conditions were mostly photometric.
The standard data reduction procedures, such as bias subtraction, flat-fielding, spectral extraction, and wavelength calibration, were performed with IRAF routines. One-dimensional spectra were extracted from each exposure and combined to make the final spectrum for the velocity dispersion and redshift measurements.
Dispersion Measurements
We used a direct fitting method in which the observed spectrum is directly fitted in pixel space with broadened template spectra (van der Marel 1994; Rix et al. 1995; Barth et al. 2002; Woo et al. 2004 ). The best-fitting dispersion value was determined by minimizing 2 for the fit. The extracted galaxy and template star spectra were first normalized by a continuum fit.
The template spectra, taken with each instrument, were convolved with Gaussian velocity profiles and fitted to the normalized galaxy spectrum using the Gauss-Hermite Pixel Fitting software 6 (van der Marel 1994). The fitting software uses various polynomial orders and line strength parameters to match galaxy spectra, and determines the best 2 fit, which gives the velocity dispersion measurement. Galactic absorption lines and various AGN emission lines (e.g., clearly present H and [O iii] lines) were masked out before fitting.
Extensive and careful fitting in various spectral regions was performed to determine the best-fitting spectral range. Using template stars with different spectral types gives a larger variation in the velocity dispersion. After fitting with each individual and combined template spectrum, we chose the best-template star with the smallest 2 for each galaxy. Figure 1 shows the host galaxy spectra with the best-fitting broadened templates.
The measured velocity dispersions () are corrected for differences in instrumental resolution between the galaxy and template spectra using equation (1) in Woo et al. (2004) . The instrumental resolution correction changes the velocity dispersion by a few percent. The corrected velocity dispersions and aperture radii for 13 AGN host galaxies are summarized in Table 2 .
New Redshift Measurements
We measured the redshift for all observed host galaxies, which include 13 new objects in addition to the 15 reported in Woo et al. (2004) . Radial velocity template stars were used to fit overall spectral features, including many absorption lines, over a wide range of wavelengths. Our high signal-to-noise ratio (S/N) spectra give very accurate redshifts with typical errors of less than 0.0001. Values for some redshifts given in the literature turned out to be wrong or inaccurate, probably due to lower data quality and sometimes misidentification. In Table 3 we give all updated redshifts for our velocity-dispersion-measured AGNs.
We report new redshifts for two BL Lac objects. An uncertain redshift of 0.487 was previously reported for 1248À296 (Padovani & Giommi 1995) ; its true redshift is 0:3819 AE 0:0001 from fitting many absorption lines around the G band. For 1133+161, z ¼ 0:46 was reported by Fichtel et al. (1994) , while Rector et al. (2000) estimated a much larger redshift, although they reported it as tentative since absorption lines could not be clearly identified in their spectrum. We report z ¼ 0:5735 AE 0:0001 for 1133+161.
AGN BLACK HOLES

Black Hole Mass Estimation
The reverberation mapping technique gives reliable black hole mass estimates (Peterson 1993) , but this method is very expensive, requiring long-term monitoring. An indirect method, using the scaling of the size of the broad-line region with UV/ optical luminosity ( Kaspi et al. 2000 ) is also popularly used for black hole mass estimation. However, this method has a large 6 Available at http://www.stsci.edu /~marel/software.html. scatter, limited luminosity range, and in any case can be applied only for broad-line AGNs.
The correlation between black hole mass and galaxy luminosity or stellar velocity dispersion opens a new way of estimating black hole mass for AGNs, including Type II AGNs, radio galaxies, and BL Lac objects. Since the host galaxy magnitude is relatively easy to measure using images with a high-quality point-spread function, the black hole mass-galaxy luminosity relation can be a powerful tool for estimating black hole mass for a large sample of AGNs. However, scatter in the M/L ratio among galaxies increases the uncertainty. Also, because the black hole mass-galaxy luminosity relation is derived from a local galaxy sample, a correction for luminosity evolution of the host galaxies is necessary ( Woo et al. 2004) , which contributes additional uncertainty.
The black hole mass-stellar velocity dispersion relation is much tighter than the mass-luminosity relation in local galaxies, and it plausibly holds up to an epoch when the bulk of the TABLE 2
Targets and Measurements
Name
(1) ( Urry et al. 2000) , using eq. (2), extinction-and K-corrected; col. (4): foreground extinction correction due to our galaxy from Schlegel et al. (1998) (13): S/ N per pixel, measured at 6000 8 in each combined galaxy spectrum. The S/ N is in the observed spectrum, which consists of AGN and galaxy emission. Thus, the actual S/ N ratio for the galaxy absorption lines is much lower.
a Galaxy magnitude, r e , and e h i from our HST image analysis (see x 4.1). b Galaxy magnitude, r e , and e h i from Roche & Eales (2000). galaxy mass has assembled, well above the redshift discussed here. Our sample consists of much higher redshift AGNs (out to z $ 0:6) than previous samples studied with the mass-dispersion relation ( Barth et al. 2002; Falomo et al. 2003; Woo et al. 2004 ). However, they are still relatively low-redshift AGNs with very massive host galaxies ( >10 11 M ), so it is reasonable to use the mass-dispersion relation; certainly, the mass-dispersion relation for different AGN types and redshift ranges, especially at high redshift (zk1) should be investigated further (see Treu et al. 2004; Silge et al. 2005) .
We use the measured stellar velocity dispersion of host galaxies to estimate the black hole mass via the mass-dispersion relation of Tremaine et al. (2002) :
with proper aperture corrections for e following Jorgensen et al. (1995) . Table 3 presents the black hole masses for our sample of 39 AGNs (which consists of 32 BL Lac objects and seven radio galaxies; 28 of these we observed ourselves; the remaining 11 have published velocity dispersions from other authors, as summarized in Table 3 of Woo et al. 2004 ).
In Figure 2 we compare black hole mass estimates from the measured e and other, likely less reliable, mass estimates from the calculated e using r e and e via the Coma Cluster fundamental plane. The rms scatter between two black hole mass estimates is 0.34 dex after correcting the luminosity evolution of stellar populations with Álog L/Álog z ¼ 0:502 in the restframe Cousins R-band from our host galaxy evolution study (see x 4.3). Without this evolutionary correction, the black hole masses are systematically higher because of the correlation (2): spectral type ( L = low-frequency-peaked BL Lac objects, H = highfrequency-peaked BL Lac objects; R = radio galaxies); col. (3): redshift measured from our observations (measurement errors are typically less than 0.0001); col. (4): black hole mass estimated from , using M / 4:02 ( Tremaine et al. 2002) and error in black hole mass, derived from measurement error only; col. (5) Urry et al. (2000) . between log and log I e in the fundamental plane relation. Although the intrinsic scatter of the fundamental plane and the scatter in the luminosity evolution will increase the uncertainties above those in the mass-dispersion relation, estimating black hole mass from the r e and e could be an alternative way for AGNs with particularly luminous nuclei, where host galaxy stellar velocity dispersions are difficult to measure. In that case, the K-correction and the luminosity evolution correction of host galaxies need to be done carefully.
The Black Hole Masses and Eddington Ratios of BL Lac Objects
BL Lac objects are AGNs with a relativistic jet oriented toward the line of sight ( Urry & Padovani 1995) . Depending on the wavelength of the two broad peaks in their spectral energy distributions (SEDs), they are classified as low-frequencypeaked BL Lac ( LBL) or high-frequency-peaked BL Lac ( HBL) objects; in particular, the classification can be done on the basis of the X-ray to radio flux ratio.
7 The physical cause of the different SED shapes of BL Lac objects has been the subject of many studies. LBL objects from radio surveys are typically more luminous than HBL objects from X-ray surveys. This is interpreted as either that LBL objects are more beamed (an orientation effect) (Ghisellini & Maraschi 1989; Urry & Padovani 1995) or that LBL objects are intrinsically more luminous (Padovani & Giommi 1995; Fossati et al. 1997 Fossati et al. , 1998 Ghisellini et al. 1998 ).
Here we study the AGN engine for a sample of 32 BL Lac objects with black hole masses from measured stellar velocity dispersions ( Table 3 ). In addition, we collected 34 BL Lac objects as a supplementary sample with known redshifts and host galaxy magnitudes ( Urry et al. 2000) , for which we estimate black hole masses from r e and e via the fundamental plane. X-ray and radio fluxes are collected from the literature using the NED database. 8 Figure 3 shows black hole mass estimates and the X-ray to radio flux ratio for these samples. The black hole mass of the dispersion-measured sample ranges from $4 ;10 7 to $6 ; 10 8 M , similar on average to that of radio galaxies and bright quasars, but with a much narrower range ( Woo & Urry 2002a ). The lack of higher or lower black hole masses seems to be the result of selection effects. The volume for the dispersion measured sample is too small ( z h i$ 0:17, with a standard deviation of 0.12) to contain the more massive black holes at higher redshifts, although we cannot rule out that the black hole mass upper limit of BL Lac objects is much lower than that of other AGNs. When we include the less reliable black hole mass estimates of the supplementary sample, which occupies a larger volume ( z h i$ 0:31, with a standard deviation of 0.17), the largest black hole mass increases to $4 ;10 9 M . Another selection effect is that less massive black holes (P10 7 M ) tend to have fainter host galaxies, which could be below the detection limit of the HST imaging snapshot survey. (Table 3 ) and from r e and e using the Coma Cluster fundamental plane relation, converted for a cosmology with H 0 ¼ 70 km s À1 Mpc À1 , ¼ 0:3, and Ã ¼ 0:7. The surface brightness log I is corrected for the rest-frame Cousins R-band luminosity evolution of stellar populations using d log L/d log z ¼ 0:502 (see x 4.3). The measurement errors of r e , e , and are considered in the error propagation. The intrinsic scatter in the fundamental plane (0.08 in log r e ) is also included in the error estimation of black hole mass from r e and e ( Woo et al. 2004) . The rms scatter between two black hole mass estimates is 0.34 dex. [See the electronic edition of the Journal for a color version of this figure. ] Fig. 3 .-X-ray to radio flux ratio vs. black hole mass for our sample of BL Lac objects. Black hole masses are estimated from the measured e ( filled symbols) or r e and e (open symbols). The dashed line divides high-frequency peaked BL Lac objects (triangles) from low-frequency peaked objects (circles) following Perlman et al. (1996) . The black hole mass spans over 2 orders of magnitude independent of BL Lac spectral type. The black hole mass estimated from e are distributed over a narrower range because of the relatively small volume sampled ( z h i$ 0:17). [See the electronic edition of the Journal for a color version of this figure. ]
The black hole mass ranges for LBL and HBL objects are similar, as was found previously with much smaller samples ( Falomo et al. 2003; Barth et al. 2002; Woo et al. 2004 ), indicating that black hole mass is not the physical parameter determining BL Lac SED types. Black hole mass also does not correlate with either X-ray or radio luminosity, as shown in Figure 4. LBL objects (circles) tends to have higher radio luminosities, almost by definition, but with similar black hole masses as HBL objects (triangles). The mean black hole masses of two types are log M LBL ¼ 8:29 AE 0:13 and ln M HBL ¼ 8:30 AE 0:06.
We also calculated bolometric luminosities (without beaming correction) using the radio to bolometric luminosity relation, derived from the blazar sample of Fossati et al. (1998) , for which bolometric luminosities were integrated from the SED models as a function of radio luminosity. Figure 5 shows the relation among black hole mass, bolometric luminosity, and Eddington ratio. For a given black hole mass, there are 2-3 orders of magnitude difference in Eddington ratio, with LBL objects generally showing a higher Eddington ratio. This can be interpreted as LBL objects have higher apparent Eddington ratio in radio and in bolometric luminosity than HBL objects, either because of more beaming or higher intrinsic power (Urry & Padovani 1995) . We cannot differentiate between these two scenarios without an accurate beaming correction, which is not possible for individual objects with precision better than an order of magnitude.
Radio Power of Blazars
Since the correlation of black hole mass with radio power was first suggested for a handful of galaxies (Franceschini et al.1998 ), several studies have attempted to demonstrate such a correlation (McLure et al. 1999; Lacy et al. 2001; Jarvis & McLure 2002) . However, most of the studied samples seem to suffer from selection effects. Woo & Urry (2002a , 2000b showed that the black hole mass ranges are not different between radio-loud and radioquiet samples with over 400 AGNs. It has since been shown for a much larger sample of Sloan Digital Sky Survey AGNs ($6000) that for a large black hole mass range (10 7 P M P10 10 ), the radioloudness parameter (F 5 GHz /F B ) spans more than 4 orders of magnitude (McLure & Jarvis 2004, see Fig. 2 in their paper), although the mean black hole mass of radio-loud AGNs is a factor of $1.6 larger than that of radio-quiet AGNs.
If radio-loud and radio-quiet AGNs are very different populations with different central engines, then a correlation between black hole mass and radio power might exist only among radio-loud AGNs. We compare black hole mass with radio power for our sample of BL Lac objects and for flat-spectrum radio quasars ( FSRQs) from Oshlack et al. (2002) . The black hole masses of the FSRQs were estimated from the broad-line width and optical luminosity (Oshlack et al. 2002; Woo & Urry 2002a) . If the distribution of broad-line region ( BLR) clouds is not random and more like a disk distribution, then the velocity of the BLR clouds could be higher by factors of a few (Jarvis & McLure 2002) , and thus the black hole masses could be larger by as much as an order of magnitude. Figure 6 shows the black hole mass and radio luminosity at 5 GHz for BL Lac objects (circles and triangles) and FSRQ Fig. 4 .-Radio and X-ray luminosity vs. black hole mass. Neither X-ray nor radio luminosity is correlated with black hole mass. LBL objects tend to have higher radio and lower X-ray luminosity for a given black hole mass. Symbols are the same as in Fig. 3. [See the electronic edition of the Journal for a color version of this figure. ] (crosses). The radio luminosity is not beaming-corrected, and the intrinsic radio powers of these AGNs are much lower. However, it is clear that radio luminosity between FSRQs and BL Lac objects is different by a minimum of several orders of magnitude for the given black hole mass range. It is unlikely that any beaming correction would reveal a hidden correlation between black hole mass and radio luminosity. Even after increasing the black hole mass of FSRQs by an order of magnitude, considering the possibility of underestimation because of the uncertainties in BLR cloud distribution (Jarvis & McLure 2002) , the radio luminosity still spans over 4 orders of magnitude, indicating no strong correlation between black hole mass and radio power. That is, BL Lac objects and FSRQs may differ in radio luminosity but not in black hole mass, indicating BL Lac objects have lower Eddington ratios than FSRQs. This is consistent with the view that FSRQs and BL Lac objects are the same fundamental class of AGN with different intrinsic radio and line luminosities ( Padovani 1992; Maraschi & Tavecchio 2003) . One FSRQ, PKS 0921À213, has relatively low radio power compared with other FSRQ. This quasar was identified as a double-peaked emission line source, which probably has a considerably lower accretion rate ( Eracleous & Halpern 2003) .
Mass-Luminosity Relation for Radio-Loud AGNs
The Eddington ratio represents how energetic a black hole is for its given mass. Woo & Urry (2002a) showed that the Eddington ratio spans up to 3 orders of magnitude for given black hole mass of $300 AGNs. Here we revisit the massluminosity correlation of black holes for our sample of BL Lac objects including radio-loud AGNs from Woo & Urry (2002a) .
It is very difficult to determine the Doppler factor for BL Lac jets since superluminal motion and the beaming angle have to be measured for individual objects, from VLBI imaging and constraints from multiwavelength observations. Good estimates of the Doppler factor do not exist for most of our objects. We instead used an average beaming factor of 3.9 for BL Lac objects from Dondi & Ghisellini (1995) , who calculated a lower limit on the Doppler beaming factor for the -ray emission region. Figure 7 shows bolometric luminosity and black hole mass for radio-loud AGNs including 66 BL Lac objects (circles). It clearly shows that BL Lac objects are intrinsically low-power AGNs with lower Eddington ratios. The Eddington ratio spans at least 4 orders of magnitude, given that the Doppler-factorcorrected luminosity of each BL Lac object is an upper limit. AGN luminosity continuously goes down to nonactive levels; however, fainter nonbeamed quasars and brighter BL Lac objects do not appear in this plot because of the flux limit and the limited volume, respectively, resulting in a spurious bimodal distribution of bolometric luminosities.
HOST GALAXY EVOLUTION
We studied the evolution of host galaxies for a total sample of 39 radio-loud AGNs: seven radio galaxies and 32 BL Lac objects. We first measured basic galaxy properties from spectroscopic and imaging data, then computed the M/L ratio for each galaxy and investigated the evolution of the mass-to-light ratio out to z $ 0:6.
Host Galaxy Properties
High S/ N spectra for all our sample galaxies are available ( Falomo et al. 2003; Barth et al. 2002; Woo et al. 2004 ; this work) and the central stellar velocity dispersions are measured The bolometric luminosities of BL Lac objects are presented as an upper limit, after beaming correction with an averaged lower limit to the Doppler factor, k3:9. For the observed black hole mass range 10 7 < M /M < 4 ; 10 9 , the bolometric luminosity spans over 4 orders of magnitude, indicating a large difference in Eddington ratio among radio-loud AGNs. Squares: radio-loud AGN from Woo & Urry (2002a) ; filled circles: BL Lac objects with black hole mass from the measured e ; open circles: BL Lac objects with black hole mass from r e and e . [See the electronic edition of the Journal for a color version of this figure.] with an aperture corresponding to 3B4 at the distance of the Coma Cluster. The half-light radius, r e , and the total galaxy magnitude in the Cousins R band are mainly taken from the HST snapshot survey of BL Lac objects ( Urry et al. 2000; see Woo et al. 2004 for other sources). The mean surface brightness within r e is derived from the total magnitude of the host galaxy using e h i¼ (m À K ) þ 5 log (r e ) þ 2:5 log (2)
where m is the observed galaxy magnitude, K is the K-correction value, r e is the effective radius in arcseconds and A R is the foreground extinction in the R band taken from the NED database. Initially, we derived the observed-frame e h i without K-correction (x 4.2), and after determining the best-fitting star formation redshift, we calculated the rest-frame e h i with K-correction values from our SED models (x 4.3). In Table 2 we list galaxy properties for the 13 additional sources with new spectroscopic observations presented in this paper.
There are four radio galaxies for which r e and total galaxy magnitude measurements from HST data are not available. For 3C 348, we adopted Harris V ¼ 16:36 and r e ¼ 22B96 based on ground-based telescope data (Roche & Eales 2000) . Because the Harris V and the Johnson V have very similar response functions, we convert the V into Cousins R using V À R C ¼ 0:723, interpolated for its redshift z ¼ 0:154, from Fukugita et al. (1995) , which is similar to V À R C ¼ 0:721 from our population synthesis models with z form ¼ 2.
For the other three radio galaxies, namely 3C 135, 3C 424, and 3C 306.1, we could not find any host galaxy magnitude and r e measurements from the literature and thus measured them from HST images using GALFIT (Peng et al. 2002) . Point-spread function images, generated using the Tiny Tim software (Krist & Hook 1997) , were convolved with HST images and the best-fit Sersic index and radius were measured. We found that the derived Sersic indices were close to de Vaucouleurs profiles. Hence, we fixed the Sersic index to 4 and derived r e and the total galaxy magnitude. Galaxy properties for the 13 new AGN host galaxies are presented in Table 2 .
Observed Mass-to-Light Ratio Evolution
From the virial theorem, galaxy masses can be estimated as
where is in km s À1 , r e is in kiloparsecs, M is in M units, and C 1 is 6.07 ( Bender et al. 1992) . Log indicates the base 10 logarithm. The average surface brightness within r e is defined by
in units of L pc À2 , where e is the average surface brightness within r e in mag arcsec À2 and C 0 ¼ À26:40 for the Gunn r band (Jorgensen et al. 1996) and À26.05 for the Cousins R band, taking R ¼ 4:48 for the Sun (Worthey 1994) . Since the luminosity of a galaxy is defined by L ¼ 2r 2 e I e , the M/L ratio can be expressed as
where the constant C 2 ¼ À0:73 (Jorgensen et al. 1996) . The evolution of log M /L is the difference in log I e between two redshift points, assuming that the mass, , and r e remain the same. At z $ 0, log I e can be derived from the fundamental plane of early-type galaxies:
Here a ¼ 0:82, b ¼ À1, c ¼ 1:24, and ¼ 0:182, as derived for the Coma Cluster fundamental plane in the Gunn r band with r e in arcseconds (Jorgensen et al. 1996) . If instead r e is expressed in kiloparsecs, then ¼ À0:120 if one assumes a Coma distance of 102.9 Mpc. After transforming the fundamental plane of the Coma Cluster to the Cousins R band, the evolution of the M/L ratio in the R band can be written as
Here the Cousins R band surface brightness, h e (z)i, is from equation (2), C 0 ¼ À26:40 for the Gunn r band, and the color of elliptical galaxies in Coma is r À R % 0:35 (Jorgensen 1994) . The M/L ratio is usually derived for a rest-frame broadband magnitude. For high redshift galaxies, it is necessary to apply a K-correction to get the rest-frame magnitude from the observed magnitude. The K-correction is typically derived from template or model spectra assuming a cosmological model ( Fukugita et al. 1995; Poggianti 1997 ). These models, however, already include an assumption of the galaxy formation epoch. Thus, the K-corrected M/L ratio suffers uncertainties in constraining galaxy formation and evolution. We therefore decided to use the M/L ratio in the observed frame without K-correction to constrain the star formation epoch (i.e., we use eqs.
[2] and [7] , but with K set to zero). The advantage of using observed-frame M/L ratio evolution is that an a priori assumption on the star formation epoch can be avoided and model predictions with different formation epochs (z form ) show larger differences in the M/L ratio evolution, especially at low redshift.
The evolution of the observed M/L ratio for our sample of AGN host galaxies is measured individually and averaged at each redshift bin. We redefine Á log M /L as the difference in logarithm between the M/L ratio at a certain redshift and the M/L ratio in our lowest redshift bin at z ¼ 0:046 ( Fig. 8) . So we compare AGNs at different redshift to each other instead of comparing directly to the normal galaxies in Coma. This relative comparison has the advantage that it avoids potential systematic errors resulting from differences in absolute calibration between our AGN data set and the Coma data set of Jorgensen et al. (1996) . It also removes from the comparison any dependency on the actual distance to Coma. Figure 8 shows that as z increases, the observed-frame M/L remains approximately constant. The stellar populations do get younger and intrinsically brighter. However, this is approximately cancelled by two other effects. First, as z increases, the observed-frame band corresponds to a bluer rest-frame band. Since relatively old stellar populations are redder than the Sun, they have lower L /L in bluer bands. And second, due to the (1 þ z) stretching of the spectrum, the observed frame samples a smaller range in wavelength in the rest-frame as z increases.
We constructed SED models with single-burst star formation epochs (z ¼ 1 5) using Bruzual & Charlot (2003) models with the Salpeter initial mass function and the solar metallicity. We then redshifted the models to produce the observed magnitude at each redshift. Figure 8 shows that the averaged M/L ratio values over each redshift bin ( filled circles) is consistent with passive evolution models with z form ¼ 1 2. We found that single-burst models with z form ¼ 1:4 þ0:9 À0:2 best reproduce the observed M/L ratio evolution within the 68% confidence limit based on 2 analysis. The last redshift bin has only two points and one of them, 3C 306.1 has clear dust lanes. If we exclude the last bin, then the best fit becomes z form ¼ 1:4 þ0:7 À0:2 . Therefore, we simply used the z form ¼ 1:4 model for further analysis. The derived star formation epoch for our sample of AGN host galaxies is consistent with that of normal galaxies in the field and clusters (z form ¼ 1 3; van Dokkum & Franx 2001; Treu et al. 2002; Rusin et al. 2003; van Dokkum & Stanford 2003) , indicating normal and AGN host galaxies experience similar formation histories.
Intrinsic Mass-to-Light Ratio Evolution
In order to derive the evolution of the M/L ratio in the restframe R band, we calculated K-correction values from our passive evolution model with the determined star formation epoch, z form ¼ 1:4. Figure 9 shows the difference in K-correction value in our models with different z form and popularly used models from Fukugita (1995) and Poggianti (1997) . The K-correction is the difference between the observed magnitude from the redshifted spectrum and the rest-frame magnitude from the de-redshifted spectrum. The K-correction value decreases as the formation redshift decreases because stellar populations get younger at a given redshift and thus the observed magnitude decreases. Note that popularly used models predict large K-corrections owing to their older adopted cosmology. The K-correction can significantly change the intrinsic M/L ratio . Dashed line: K-correction values from Poggianti (1997) , where a cosmology with q 0 ¼ 0:225 and H 0 ¼ 50 km s À1 Mpc À1 was used. Dotdashed line: K-correction values from Fukugita et al. (1995) , based on the observed spectra of nearby galaxies with no stellar population evolution using a cosmology with q 0 ¼ 0 and
.
[See the electronic edition of the Journal for a color version of this figure. ] Fig. 10. -Evolution of the rest-frame M/L ratio of AGN host galaxies in the Cousins R band. The M/L ratio for individual galaxies are derived after K-correction with the z form ¼ 1:4 model. Circles: host galaxies of BL Lac objects; squares: radio galaxies; open symbols: galaxies with mass <5 ;10 11 M ; filled symbols: galaxies with mass >5 ;10 11 M ; solid line: a single-burst model with z form ¼ 1:4, which has Á log (M /L)/Áz ¼ À0:502 between z ¼ 0 and z ¼ 0:4; dashed lines: single-burst models with z form ¼ 1:2 and 2.3, showing the uncertainty range determined in the observed M/L ratio evolution (see x 4.2). The observed trend is similar to that of early-type galaxies (Treu et al. 2002; van Dokkum & Franx 2001; Treu et al. 2002) . [See the electronic edition of the Journal for a color version of this figure.] estimation. At z ¼ 0:5, the difference in K-correction between our z form ¼ 1:4 model and the popularly used models corresponds to $0.05 in log M =L.
With our best-fit K-correction value, we derived rest-frame R band magnitudes and the M/L ratios for individual galaxies. Figure 10 shows the M/L ratio evolution in the rest-frame Cousins R band for our AGN host galaxies. The averaged M/L ratio indicates a 50% increase in M/L ratio between z ¼ 0:05 and z ¼ 0:4, which corresponds to Á log (M /L)/Áz ¼ À0:502 in the Cousins R band and Á log (M /L)/Áz ¼ À0:619 in the B band based on our population synthesis model. The lowest and highest z form models consistent with the data at 68% confidence, as determined in the previous section (z form ¼ 1:2 and 2.3), indicate a 68% confidence range for the M/L evolution between À0.581 and À0.421 in the Cousins R band and between À0.695 and À0.517 in the B band. The trend of the M/L ratio evolution of our AGN host galaxies is also similar to that of normal galaxies with Á log (M/L)/Áz ¼ 0:46 0:72 in the B band ( Treu et al. 2002; Rusin et al 2003; van de Ven et al. 2003; van Dokkum & Stanford 2003) .
Mass versus M/L relation
We derived the correlation between galaxy mass and M/L ratio (after correcting for luminosity evolution with Á log (M /L)/Áz ¼ À0:502) for the AGN host galaxies. The results can be fit with log M =L ¼ (0:45 AE 0:05) ; log M À 4:39(AE0:57): ð8Þ
The AGN host galaxies are shown as filled squares in Figure 11 , and are compared with nearby early-type galaxies (open circles) from van der Marel (1991), Magorrian et al. (1998) , Kronawitter et al. (2000) , and Gebhardt et al. (2003) . The M/L ratio of the nearby galaxies are all based on detailed dynamical models for spatially resolved kinematical data (this is more detailed than the values for our own sample, which are based on the virial theorem and an assumption of homology). The compilation into a homogeneous set is from van der Marel & van Dokkum (2005) . All M/L ratio values were transformed to the Cousins R band using B À R ¼ 1:57 (Fukugita et al. 1995) . Distances for the large majority of the nearby galaxies were taken from Tonry et al. (2001) with H 0 ¼ 70 km s À1 Mpc
À1
. Data for the same galaxies from different authors were averaged. Only galaxies classified as ellipticals are included in the nearby galaxy sample. The few most distant galaxies from Magorrian et al. (1998) were removed from the sample because their models for these galaxies included unrealistically large black hole masses. We find that normal and AGN host galaxies have a similar relation between mass and M/L ratio in the galaxy mass range where the data sets overlap, 11< log M /M <12. The most massive galaxies in the AGN sample suggest the possibility of a break in the M/L versus M relationship at masses in excess of 10 12 M .
DISCUSSION AND CONCLUSIONS
We measured the stellar velocity dispersions for 21 BL Lac object host galaxies and seven radio galaxies from our spectroscopic observations. Including 11 velocity-dispersion-measured BL Lac object host galaxies from the literature, we estimated black hole masses for a sample of 39 AGN host galaxies using the massdispersion relation. We also estimated black hole masses for 34 additional BL Lac objects using the derived velocity dispersion from well-measured r e and e of the host galaxies and the fundamental plane relation.
Estimating black hole mass from r e and e seems promising since the intrinsic scatter in the fundamental plane is small. Although high-resolution imaging is required for an accurate AGN subtraction to derive reliable host galaxy properties, it would be more feasible than long-exposure spectroscopy in the case of typical quasars, of which a featureless AGN continuum is much brighter than host galaxy absorption features.
The black hole mass of BL Lac objects ranges from 10 7 to 4 ;10 9 M . We found no strong correlation between black hole mass and either X-ray or radio luminosity. HBL and LBL objects have similar black hole masses, but LBL objects show higher Eddington ratios in radio and bolometric luminosity, because of either more beaming or higher intrinsic power. We also compared FSRQs and BL Lac objects and found that their black hole masses are similar but their radio luminosities are quite different, indicating that BL Lac objects and FSRQs are plausibly the same objects with different Eddington ratios, as suggested by other blazar unification study ( Maraschi & Tavecchio 2003) .
All black hole mass estimates depend on the mass-dispersion relation observed in the present-day universe. A recent study on seven Seyfert 1 galaxies at z $ 0:4 suggests an evolution of the mass-dispersion relation with a higher black hole mass for a given velocity dispersion ( Treu et al. 2004) . Neglecting the black hole mass growth for the last 4 billion years, this could indicate a mass evolution of spheroids. If this is the case, then our black hole mass estimates are a lower limit. However, the host galaxies in our sample are very massive elliptical galaxies, consistent with pure luminosity evolution since z $1, and probably represent a different population than Seyfert 1 galaxies.
We measured the mass, M/L ratio, and evolution of the M/L ratio for the sample of 39 AGN host galaxies. From the observed-frame (no K-correction) M/L ratio evolution, we tested single-burst star formation epoch models using our population synthesis models. The passive evolution model with z form ¼ 1:4 þ0:9 À0:2 is consistent with the observed M/L ratio evolution. -Galaxy M/L ratio vs. galaxy mass. The M/L ratios for our AGN host galaxies ( filled squares), corrected for luminosity evolution using a z form ¼ 1:4 model, are compared with those of nearby elliptical galaxies (open circles) from van der Marel & van Dokkum (2005) . The M/L ratios in the Cousins R band for the nearby galaxies were calculated using B À R ¼ 1:57. The solid line corresponds to the best fit to the AGN host galaxies. The M/L ratio vs. mass relation of the AGN host galaxies is consistent with that of normal galaxies in the mass range where the data sets overlap (11< log M /M <12). [See the electronic edition of the Journal for a color version of this figure. ]
From a passive evolution model with z form ¼ 1:4, we measured the evolution of the intrinsic M/L ratio in the Cousins R band, which is Á log (M /L)/Áz ¼ À0:502 AE 0:08. The M/L ratio evolution of our sample of AGN host galaxies is similar to that of normal galaxies, indicating that normal and AGN host galaxies experience similar star formation histories. Whether the supermassive black hole is active at the observed epoch seems not related to the global star formation history. However, we note that our host galaxies are among the most massive galaxies (>10 11 M ) and the star formation redshift is marginally lower than that of normal galaxies with the same mass range (z form k 2 3; Treu et al. 2005; van der Wel et al. 2005 ) indicating 1-2 Gyr younger age, which implies either a later epoch of star formation or additional star formation in AGN host galaxies. Rest-frame colors of host galaxies can shed light on more detailed interpretation.
In contrast to host galaxies at high redshift (z k 2), when galaxies and black holes are still assembling their masses, earlytype host galaxies at low redshift (z <1) are grown-up galaxies with a typical mass k10 11 M . These host galaxies seem just like normal galaxies except for their active central black holes, which are probably revived from dormant status. In the case of late-type host galaxies, where star formation and AGN activity can be more closely connected, host galaxies might show very different properties from normal galaxies. Further investigation of the relation of nuclear activity to host galaxy properties for AGNs at higher redshift and with lower host galaxy mass is required to understand the full picture.
